200-600 ppm of CO inhibit NO conversion in nonthermal Ar plasma, but do not produce N 2 O. However, 1.01% of CO has no effect on NO conversion, but produces N 2 O. In general, N 2 O conversion in Ar plasma decreases with increasing CO concentration. These experimental results cannot be explained by charge transfer reactions of Ar + . Selectivity analysis of all excited states of Ar possibly contributing to NO x conversion without and with CO suggests that only Ar͑ 3 P 2 ͒ contributes to NO x conversion and CO dissociation. A kinetic model of 43 reactions is required to model NO conversion or N 2 O conversion in Ar without CO, whereas 81 reactions are required to model NO conversion and N 2 O conversion in Ar with CO. At constant gas pressure, a single set of model parameters can predict NO conversion or N 2 O conversion without and with CO. All experimental results can be explained using a reaction mechanism in which excited neutral states of Ar are the only active species, which supports the conclusion that cations have a negligible impact on these nonthermal plasma reactions.
I. INTRODUCTION
Implementation of environmental regulations governing the emission of harmful gases, such as NO x , requires efficient abatement methods. Among the emerging technologies for NO x conversion, nonthermal plasma is one of the most promising. A pulsed corona discharge reactor ͑PCDR͒ is one of these nonthermal plasma technologies, characterized by low gas temperature and high electron temperature, achieved by producing high energy electrons in the gas while leaving the bulk temperature of the gas unchanged. A PCDR employs a high-voltage, short-duration ͑Ͻ100 ns͒ electrical discharge between nonuniform electrodes to produce streamers through the growth of electron avalanches formed by electron collision ionization events. A streamer is a region of partly ionized gas, where metastable excited states, radicals, and ions are formed through electron collision reactions with the background gas. These chemically active species, in turn, initiate bulk phase reactions that lead to NO x conversion to nitrogen and oxygen.
Understanding the formation of the chemically reactive species and their reaction pathways is essential to optimize nonthermal plasma processing for practical application. The role of cations on NO x conversion has been debated. For example, Chang 1 compared the rate constants of charge transfer reactions and radical reactions and concluded that, because the cationic reaction probabilities are a few orders of magnitude larger than radical reactions, the charge transfer reactions of cations play an important role in de-NO x processes. In contrast, on the basis of extensive experimental and theoretical experiences, Kogelschatz 2 proposed that charged particle reactions are negligible in ambient-pressure nonthermal plasma, and neutral active species, such as atoms, molecular fragments, and excited molecules, are the major active species contributing to nonthermal plasma reactions. Van Veldhuizen et al. 3 analyzed the relative importance of ions and radicals for NO conversion in a pulsed corona reactor and showed that the ion contribution to NO conversion is on the order of 10%-20% of the radical contribution. However, on the basis of this conclusion, their calculated NO conversion was 10-100 times lower than the experimental values. Recently, Hu et al. 4 proposed that both N 2 + cations and N radicals are responsible for NO x ͑NO, NO 2 , and N 2 O͒ conversion in nonthermal N 2 plasma. However, their reaction mechanism did not predict by-product N 2 O concentrations in NO/N 2 mixtures or by-product NO concentrations in NO 2 /N 2 mixtures. Later, Zhao et al. 5, 6 found that only two active species, the first excited state of molecular nitrogen, N 2 ͑A 3 ⌺ u + ͒, and N radicals, are responsible for NO x conversion in nonthermal N 2 plasma and that N 2 + does not contribute to NO x conversion. Using the reaction mechanism including N 2 ͑A 3 ⌺ u + ͒ and N radicals without cations, Zhao et al. 5, 6 predicted all their experimental data, which confirmed that N 2 + does not contribute to NO x conversion. The reaction mechanism that includes the neutral active species ͑excited states and radicals͒ and excludes ions can explain the effect of CO, O 2 , and CO 2 on NO x conversion in nonthermal nitrogen plasma. 5, [7] [8] [9] More recently, by analyzing corona induced optical emissions and the mechanism of streamer discharge, Zhao et al. 10 found that charge transfer reactions of cations have a negligible contribution to NO x conversion in nonthermal plasma.
The multitude of chemically active species produced in the streamer through electron collision reactions with the background gas leads to complex reaction mechanisms in nonthermal plasma, especially for multiple component systems. However, the reaction mechanism must be selfconsistent for all reactant systems to which it is applied. For example, if conversion of low ͑ppm͒ concentrations of NO x in nonthermal argon plasmas can be explained using reactions involving cations, such as Ar + , the same active species should be involved in NO x conversion in Ar in the presence of CO. However, Hu et al. 11 found that the reaction mechanism based on Ar + can describe NO x conversion in Ar, but not the effect of CO on NO x conversion in Ar. This prompts us to revisit the role of Ar + as a dominant active species contributing to NO x conversion in nonthermal Ar plasma.
The goal of this work, therefore, is to explore a selfconsistent reaction mechanism involving argon excited states that could explain the effect of CO on NO and N 2 O conversions in nonthermal argon plasma. The reasons for choosing Ar as the balance gas instead of gases commonly found in NO x containing streams, such as nitrogen, oxygen, water, and CO 2 , 3, 12 are explained elsewhere. 3, 12 Briefly, argon forms more cations than the other gases, which helps understand the importance of ion transfer reactions, and argon produces fewer, less complex active species that are easier to analyze.
II. EXPERIMENTAL SECTION
The experimental apparatus and measurement procedures are described in detail elsewhere. 11, 13 In brief overview, the pulsed corona discharge reactor used in this work consists of a high-voltage power supply and a pulser/reactor assembly. The pulser/reactor assembly contains a pulsed power generator and pulsed corona discharge tubes. The reactor has UV-grade quartz windows for diagnostics and plasma observation and ten parallel stainless steel tubes, each 914 mm in length and 23 mm in diameter, with a stainless steel wire, 0.58 mm in diameter, passing axially through the center of each tube. In all of the experiments described in this work, only four of ten tubes are wired and used, and the remaining six tubes are sealed with Teflon corks with O-rings. The wire is positively charged and the tube is grounded. The energy delivered to the reactor per pulse is calculated from ͑1/2͒CV c 2 , where C is the pulse forming capacitance ͑800 pF in this work͒ and V c is charge voltage in the pulse forming capacitance before discharge. 7, 14 The power consumed, W ͑J s −1 ͒, is calculated as the product of the input energy per pulse and the pulse frequency.
The experimental conditions are summarized in Table I . The certified feed gas mixtures of low ͑ppm͒ concentration nitrogen oxides in argon with and without CO shown in Table I are used as supplied ͑Airgas, Inc.͒. The feed gas mixture, maintained at ambient temperature, around 300 K, is fed through the PCDR at two flow rates ͑measured at the reactor inlet conditions͒ of 3.45ϫ 10 −4 m 3 s −1 at 141 kPa and 4.01ϫ 10 −4 m 3 s −1 at 189 kPa. The feed samples and the reactor effluent samples, collected in small stainless steel cylinders, are analyzed for stable species with a Spectrum 2000 Perkin Elmer Fourier transform infrared ͑FTIR͒ spectrometer with a narrow band mercury cadmium telluride ͑MCT͒ detector, as reported previously. [5] [6] [7] [8] [9] [13] [14] [15] For all experimental data, nitrogen oxides other than NO, NO 2 , and N 2 O are not detected by FTIR, which has a detection limit of 5 ppm for each of these species. All experimental data are reproducible within a ±10% error limit, including the FTIR and flow measurement uncertainties.
A lumped kinetic model used to describe the concentrations of all species in the PCDR is reported elsewhere. 
III. RESULTS AND DISCUSSION

A. Experimental observations
In all experiments with CO, the CO concentration is relatively stable and does not vary by more than 40 ppm. Figure 1 shows the effect of CO on NO conversion in nonthermal argon plasma at a flow rate of 3.45ϫ 10 −4 m 3 s −1 and 141 kPa. Figure 1͑a͒ compares concentrations of NO, NO 2 , and N 2 O as a function of power input for NO inlet concentrations of ϳ411 ppm with and without 203 ppm CO. In both cases, NO 2 is the only by-product and N 2 O is not detected. NO and NO 2 concentrations with 203 ppm CO are higher than those without CO at the same power input, which indicates that NO conversion to N 2 and O 2 is reduced by low concentrations of CO, as shown in Fig. 1͑b͒ . NO conversion is defined as 
where C i is the concentration of the given species at the reactor inlet, C o is the concentration at the reactor outlet, and 
B. Electron collision reactions
Electrons generated by the electrical discharge collide with gas molecules to produce chemically active species, such as radicals, atoms and molecules in excited electronic states, and ions, which trigger NO x reactions. 16 Previous investigations have shown that Ar + has a negligible contribution to NO x conversion in Ar plasma 10 and that the reaction mechanism involving Ar + cannot explain the effect of CO on NO x conversion.
11 Therefore, reactions with ions are not considered in this analysis.
In all experiments shown in Table I , the major stable species in the PCDR are Ar, NO x , N 2 , O 2 , CO, and CO 2 . In most cases, electron collision reactions with a given species are negligible if the concentration of that species in the PCDR is less than 1000 ppm. 6, 7, 9, 16 Therefore, electron interactions with NO x , N 2 , O 2 , and CO 2 are not considered because concentrations of these species are always less than 1000 ppm. For low ͑ppm͒ CO concentrations, electron collision reactions with CO are also negligible. Previous investigations 7,9 on the effect of ϳ1% concentrations of O 2 and CO 2 on NO x conversion in N 2 plasma showed that electron collision reactions with O 2 or CO 2 cannot be neglected, relative to electron collision reactions with N 2 , because the dissociation energies of O 2 and CO 2 are far lower than those of N 2 . This result implies that electron collision reactions with CO cannot be neglected at 1.01% CO concentration.
Electron collision reactions with CO mainly contribute to CO molecular excitation and dissociation in the following reactions: 17 These values imply that the CO excited states produced are quenched to the ground state by argon ͑or relax by radiative emission͒ and hence do not contribute significantly to NO x conversion because the concentration of Ar is at least three orders of magnitude higher than that of NO x . Thus, the quenching reaction rates are at least ten times higher than the reaction rates with NO x . In addition, CO dissociation by electron collision ͑4͒ is unlikely to be significant because the dissociation energy of CO is high 18 ͑10.8 eV/ CO͒ and the CO concentration is low in comparison with Ar. These conjectures are confirmed by the modeling results described later. Therefore, electron collision reactions with Ar are the only ones considered in this work.
A selectivity analysis 5, 7, 9 at the reactor inlet concentrations is used to identify the chemically active species produced by the electron collision reactions with Ar that are important in NO x formation and conversion. Recent optical emission measurements 10 in nonthermal argon plasma demonstrated that there are 14 chemically active excited states of Ar formed by electron collision reactions, including four 3p 5 4s configurations ͑ 3 P 2 , 3 P 1 , 3 P 0 , and 1 P 1 ͒ and ten 3p 5 4p configurations ͑2p 10 , 2p 9 , 2p 8 , 2p 7 , 2p 6 , 2p 5 , 2p 4 , 2p 3 , 2p 2 , and 2p 1 , using Paschen notation [19] [20] [21] [22] instead of term symbols͒. Balamuta and Golde 23, 24 showed that the lowest energy excited state of Ar, Ar͑ 3 P 2 ͒, can dissociate almost all oxygen-containing compounds including CO and NO x . This implies that all 14 excited states of Ar formed in the PCDR could contribute to CO dissociation and NO x conversion. These chemically active excited states may be consumed by four parallel processes: ͑1͒ natural radiation with accompanying optical emission, ͑2͒ quenching by the Ar background gas, ͑3͒ reaction with NO x ͑conversion of NO x ͒, and ͑4͒ CO dissociation. As reported recently, 8, 9 the selectivities of these four parallel processes can be defined as
where S I , S q , S r , and S d are the selectivities of the radiative emission reactions, quenching reactions, NO x conversion reactions, and CO dissociation, respectively; R i is the reaction rate of reaction type i; k I , k q , k r , and k d are the rate constants of radiation, quenching, NO x conversion, and CO dissociation, respectively; and C is the initial mole concentration of the subscripted species. This type of selectivity analysis is an effective method to examine the significance of the active species. Only the active species that significantly contribute to the formation and conversion of NO x and CO need to be considered. In this work, the highest initial NO concentration with or without CO is about 600 ppm, while the highest CO concentration is 1.01 mol % in balance Ar. Without CO, at 141 kPa and 300 K, the concentrations of 600 ppm NO and balance Ar are 3.38ϫ 10 −8 and 5.64ϫ 10 −5 mol cm −3 , respectively. Table  II shows the results of this selectivity analysis, performed by substituting these concentrations and the rate constants for the consumption of active species by radiation, quenching, and NO x conversion ͑listed in Table II͒ into Eqs. ͑5a͒-͑5c͒ to yield the selectivities for the three parallel processes. Table II does not include a column for selectivities of CO dissociation because it is zero by definition for these conditions without CO.
For the four excited states of Ar with 3p 5 4s configurations, quenching reactions with Ar include two-body quenching reactions and three-body association reactions 10 as follows:
where Ar͑4s͒ represents any of the four Ar 3p 5 4s excited states; Ar 2 * are the excited states of Ar 2 molecules; R q2 and R q3 are reaction rates of ͑6͒ and ͑7͒, respectively; and k q2 and k q3 are quenching rate constants of the two-body reaction ͑6͒ and the three-body reaction ͑7͒, respectively. The value of k q C Ar listed in the third column of Table II is the sum of these two quenching rates as follows:
Of the four excited states of Ar with 3p 5 4s configurations, Ar͑ 3 P 1 ͒ and Ar͑ 1 P 1 ͒ predominantly contribute to natural radiation to the ground state because of their very short natural radiation lifetimes ͑Ͻ9.5 ns͒. 10 respectively. As a result, the net reaction rate of the threebody association reactions is about two orders of magnitude higher than that of the two-body quenching reactions. This indicates that S q of Ar͑ 3 P 2 ͒ in Table II represents the selectivity of the three-body association reaction. The product of this reaction of Ar͑ 3 P 2 ͒ is Ar 2 ͑ 3 ͚ u + ͒, which has a relatively long natural radiation lifetime of 3.15 s, 25 an excitation energy of 10.6 eV, 25 and reacts with all NO x species, as found by Mehnert et al. 26 and Oka et al. 27 Therefore, the net yield of Ar͑ 3 P 2 ͒, including Ar 2 ͑ 3 ͚ u + ͒, that contributes to NO x conversion is nearly 100%, which indicates that Ar͑ 3 P 2 ͒ is an important active species species for NO x conversion. For Ar͑ 3 P 0 ͒, the rate constants of the two-body and the threebody reactions are 3.19ϫ 10 9 cm 3 mol −2 s −1 and 3.01 ϫ 10 15 cm 6 mol −2 s −1 , 10 respectively. Therefore, the net reaction rate of the three-body association reaction is about 50 times higher than that of the two-body quenching reaction, which is again negligible. The product of the three-body re- Table II .
Of the ten excited states of Ar with 3p 5 4p configurations, Ar͑2p 1 ͒, Ar͑2p 5 ͒, Ar͑2p 6 ͒, Ar͑2p 8 ͒, and Ar͑2p 9 ͒ are predominantly quenched by Ar. Although there are no reports of the reaction rate constants of NO x with Ar͑2p 2 ͒, Ar͑2p 3 ͒, Ar͑2p 4 ͒, Ar͑2p 7 ͒, and Ar͑2p 10 ͒, these rate constants are assumed to be similar to the reported values for the other five states ͑listed in Table II͒ because of their similar excitation  energies. 10 Therefore, the ten 3p 5 4p Ar configurations probably do not contribute to NO x conversion; the five reported values of S r,NO x are all less than ϳ1%. These results suggest that the Ar excited states, except for Ar͑ 3 P 2 ͒ and Ar͑ 3 P 0 ͒, do not contribute to NO x conversion. They are predominantly quenched by Ar and CO, or emit natural radiation, if they are formed in the nonthermal plasma. With 1.01% CO, at 141 kPa and 300 K, the concentrations of 600 ppm NO, 1.01% CO, and balance Ar are 3.38 ϫ 10 −8 , 5.70ϫ 10 −7 , and 5.58ϫ 10 −5 mol cm −3 , respectively. Table III shows the selectivities of consumption of the 14 excited states of Ar by the four parallel processes of radiation, quenching, NO x conversion, and CO dissociation ͓Eqs. ͑5a͒-͑5d͔͒ obtained by an analysis similar to that used to develop Table II may be used to model all NO x reactions in Ar and in NO x plus CO in Ar. This conjecture is confirmed by the following modeling investigation.
C. Mechanism and kinetics
Numerous series and parallel reactions among active species and stable species are possible following the electron collision reactions. Without CO, a total of 43 reactions ͓͑9͒-͑51͒ shown in Table IV͔ are selected to simulate NO x concentration, based on a rough selectivity analysis to determine the controlling reactions, assuming that the slowest reaction among series reactions is the controlling step, whereas the fastest reaction among parallel reactions is the controlling step. These 43 reactions involved in NO x conversion are used to analyze the NO / Ar and N 2 O / Ar reaction systems.
A previously developed lumped kinetic model 6 is used to describe the concentrations of all species as a function of power input. The important model parameters embodying the rate of electron collision reactions are ␣ and ␤, as shown in the following equation:
where k is the rate constant of the electron collision reaction ͑with units of cm 3 mol −1 s −1 ͒, ͓e͔ is the electron concentration ͑mol cm −3 ͒, P is the system pressure ͑atm͒, and W is the power input ͑J s −1 ͒. This expression, based on a Maxwellian distribution function for the electron velocity, semiempirically describes the rate of electron collision reactions through a pseudo-first-order rate constant by combining the true rate constant with the electron concentration. 33 The parameters ␣ and ␤ are determined from experimental data using a previously presented optimization method. 6 This means that two model parameters are needed to describe the single important electron collision reaction with Ar ͑9͒. There are 14 components ͓Ar, Ar͑ 3 P 2 ͒, Ar 2 ͑ 3 ͚ u + ͒, NO, NO 2 , NO 3 , N 2 O, N 2 , O 2 , N, O, N 2 ͑A͒, N 2 ͑B͒, and N 2 ͑C͔͒ in this reaction system, as shown in Table IV . Therefore, there are 14 equations for each of the seven power inputs, which leads to a total of 98 equations used to determine the two parameters ͑␣ and ␤͒ for 314 ppm NO in Ar at 3.45 ϫ 10 −4 m 3 s −1 and 141 kPa using the previously reported optimization method. 6 The concentrations of N 2 and O 2 at the outlet of the reactor are obtained using the material balance of nitrogen and oxygen. Figure 3͑a͒ shows the measured and correlated NO, NO 2 , and N 2 O concentrations for the experiment used in fitting ␣ 1 and ␤ 1 . The correlated curves in Fig. 3͑a͒ reasonably represent the experimental data because these data have been used for fitting. The same ␣ 1 and ␤ 1 values are used without further fitting to predict the concentrations obtained at two other experimental conditions: 414 ppm NO in Ar and 570 ppm NO in Ar ͓Figs. 3͑b͒ and 3͑c͔͒. All predicted data match the experimental data ͑except for the experimental N 2 O concentrations that are reported as 0 because they are below the experimental detection limit of 5 ppm͒. This confirms that a single set of ␣ 1 and ␤ 1 values derived from a single set of experimental data can predict the PCDR product compositions obtained at other gas inlet concentrations using the set of 43 reactions shown in Table IV . Previous investigations 9, 14, 15 have shown that the lumped model accurately describes power input and gas residence time effects as well as inlet concentration.
A previous investigation 14 also showed that gas pressure affects the rate of electron collision reactions. Figures 4͑a͒-4͑c͒ show that all correlated and predicted data match the measured experimental data, which further confirms the reaction mechanism involving 43 reactions for NO conversion in Ar. Comparison of the model parameters obtained for reaction ͑9͒ at 141 and 189 kPa shows that the ␣ parameters are approximately the same for both pressures, while ␤ 2 at 189 kPa is lower than ␤ 1 at 141 kPa. This is consistent with our previous results 14 that showed ␤ decreases with increasing pressure.
Again, N 2 O is not detected by FTIR for NO conversion in Ar. All calculated data in Figs. 3 and 4 show that the N 2 O concentration at the outlet of the PCDR is less than 2 ppm, which is consistent with the experimental observation of N 2 O concentrations below the 5 ppm FTIR detection limit.
In our previous work, 11 we used Ar + as the only active species that contributes to NO or N 2 O conversion in Ar. As a result, that work required two different sets of ␣ and ␤ parameters for electron collision reactions to predict NO and N 2 O conversions, which implied that the rate of electron collision reactions with Ar to form Ar + is different for NO in Ar compared to N 2 O in Ar. That result is difficult to rationalize and suggests that Ar + may not actually be involved. In the present study, therefore, we drop the hypothesis that Ar + species are involved and instead assume that Ar͑ 3 P 2 ͒ is the only active species involved. As a result, the model using the same parameters for NO conversion in Ar ͑␣ 1 and ␤ 1 , and ␣ 2 and ␤ 2 , determined at 141 and 189 kPa, respectively͒ also accurately predicts the observed N 2 O concentrations in Ar, as shown in Figs. 5͑a͒ and 5͑b͒ . The accurate estimate of both the NO and N 2 O experimental data using the same model parameters on the basis of Ar͑ 3 P 2 ͒ alone confirms that the true active species contributing to NO x conversion are the excited neutral states of Ar, and hence, that the contribution of Ar + is negligible. With CO, the reaction mechanism is more complex because of the dissociation of CO by Ar͑ 3 P 2 ͒ to form atomic C, 24 which leads to the formation of radicals, such as CN, C 2 O, and NCO. These radicals can also react with NO x . Therefore, with CO present, 38 additional reactions ͓͑52͒-͑89͒ in Table IV͔ Fig. 7 show that all experimental data can be predicted using the same reaction mechanism ͑81 reactions shown in Table IV͒ 
D. Effect of CO on NO and N 2 O conversions
The model prediction results shown in Figs. 6-9 suggest that the mechanism of NO or N 2 O conversion with CO in Ar plasma ͑shown in Table IV͒ , combined with the lumped model parameters ͑␣ 1 and ␤ 1 at 141 kPa or ␣ 2 and ␤ 2 at 189 kPa͒, captures the effect of CO on NO x concentrations. Therefore, this reaction mechanism and this kinetic model are used to investigate the effect of CO concentration on NO or N 2 O conversion in Ar plasma.
An example is shown in Fig. 10 . The calculation is conducted for an inlet concentration of 600 ppm NO in Ar with variable CO concentration, from 0 to 12 000 ppm ͑mole fraction of 1.2%͒, at 4.01ϫ 10 −4 m 3 s −1 , 189 kPa, and a constant power input of 60 W, using model parameters ␣ 2 and ␤ 2 . Similar results were obtained for other conditions. Figure  10͑a͒ function of CO concentration. With increasing CO concentration, NO concentration initially increases, reaches a maximum at around 2400 ppm CO, and then decreases. NO 2 concentration follows a similar trend, but the range of NO 2 variation is only around 12 ppm. N 2 O concentration linearly increases with increasing CO concentration. At CO concentrations less than 3200 ppm, the predicted N 2 O concentrations are below the experimental detection limit of 5 ppm, which is consistent with the observed experimental results ͓Figs. 1͑a͒, 3, 4, and 6͔. The variation of NO and NO 2 concentrations with increasing CO concentration indicates that NO conversion initially decreases, reaches a minimum, and then increases with increasing CO concentration, as shown in Fig. 10͑b͒ . NO conversion decreases sharply with increasing CO concentration from 0 to 2400 ppm, while NO conversion increases slowly with increasing CO concentration from 2400 to 12 000 ppm. When CO concentration is about 1.01% ͑10 100 ppm͒, concentrations of NO and NO 2 ͓Fig. 10͑a͔͒ and NO conversions ͓Fig. 10͑b͔͒ are approximately the same as those without CO. The results in Fig. 10 emulate the experimental observations that CO concentrations of 200-600 ppm inhibit NO conversion and N 2 O is not detectable ͓Figs. 1͑a͒ and 1͑b͔͒, whereas 1.01% CO has no effect on NO conversion, but N 2 O is detected ͓Figs. 1͑c͒ and 1͑d͔͒.
The results presented in Fig. 10 can be explained by the reaction mechanism shown in Table IV . During electrical discharge in the PCDR, the active species Ar͑ 3 P 2 ͒ is produced, which initiates the subsequent chemical reactions between the pulses. Ar͑ 3 P 2 ͒ mainly contributes to NO dissociation in ͑10͒, formation of the excited state Ar 2 ͑ 3 ͚ u + ͒ in ͑16͒, and CO dissociation in ͑52͒ as follow: At low CO concentrations ͑Ͻ ϳ 2400 ppm͒, the selectivity of Ar͑ 3 P 2 ͒ to NO dissociation ͑S r,NO x ͒ by ͑10͒ is low ͑39.1% without CO, as shown in Table II͒ and decreases with increasing CO concentration ͑ultimately becoming 27.6% at 1.01% CO, Table III͒. The Ar͑ 3 P 2 ͒ selectivity to CO dissociation ͑S d,CO ͒ by ͑52͒ is low because the CO concentration is low and the rate constant of ͑52͒ is about one order of magnitude lower than that of ͑10͒. Therefore, most Ar͑ 3 P 2 ͒ ͑60.9% at zero CO concentration, Table II͒ conversion with increasing CO concentrations below ϳ2400 ppm.
With further increases in CO concentration above ϳ2400 ppm, CO dissociation ͑52͒ gradually becomes prominent, resulting in increasing NO conversion through atomic C. C is a very active radical that can convert NO to form the radicals, CN ͑63͒ and N ͑64͒, and reacts with CO to form C 2 O ͑67͒. CN converts NO in ͑74͒ and reacts with NO 2 to form NCO ͑75͒, while N converts NO in ͑24͒. C 2 O reacts with NO to form additional CN ͑69͒ and NCO ͑68͒. Finally, NCO converts NO in reactions ͑82͒ and ͑83͒. The net result is that one atomic C radical can convert three NO molecules, which causes NO conversion to increase from the minimum at CO concentrations of ϳ2400 ppm.
The rate of increase in NO conversion is low for the following reasons. ͑1͒ As noted above, with increasing CO concentration, additional Ar 2 ͑ 3 ͚ u + ͒ formed by ͑16͒ is largely quenched by CO ͑53͒ and hence does not contribute to NO conversion ͑19͒. For example, NO conversion selectivity ͑S r,NO x ͒ decreases from 39.1% without CO ͑Table II͒ to 27.6% at 1.01% CO ͑Table III͒. ͑2͒ Similarly, the contribution of Ar͑ 3 P 2 ͒ to NO dissociation ͑10͒ also decreases with increasing CO concentration, as noted previously. ͑3͒ Although one atomic C radical can convert three NO molecules, the effect just slightly exceeds the decreasing rate of NO dissociation through ͑10͒ because the rate constant of CO dissociation ͑52͒ is nearly one order of magnitude lower than the rate constant of ͑10͒. As a result, NO conversion slowly returns from the minimum reached at ϳ2400 ppm CO to approximately the same level at 1.01% CO concentration as the NO conversion observed in the absence of CO ͓as shown in Figs. 1͑c͒ and 1͑d͒ and Figs. 10͑a͒ and 10͑b͔͒ .
The linear increase in N 2 O concentration with increasing CO concentration ͓Fig. 10͑a͔͒ occurs because C radicals contribute to NCO formation through ͑68͒, ͑70͒, ͑75͒, and ͑79͒ and NCO reacts with NO to form N 2 O ͑82͒. The destruction rate of N 2 O by ͑12͒, ͑21͒, ͑38͒, and ͑65͒ is very slow because the N 2 O concentration is low ͑less than 26 ppm, as shown in Fig. 7͒ . Figure 11 shows a calculated example of the effect of CO on 200 ppm N 2 O conversion in Ar for CO concentrations ranging from 0 to 12 000 ppm, at a total flow rate of 4.01ϫ 10 −4 m 3 s −1 and 189 kPa, constant power input of 60 W, and the same model parameters ␣ 2 and ␤ 2 . Similar results are obtained at other conditions. Figure 11 suggests that N 2 O concentration increases with increasing CO concentration, corresponding to decreasing N 2 O conversion with increasing CO concentration. Therefore, CO inhibits N 2 O conversion, which is consistent with the experimental observation shown in Figs. 2͑a͒ and 2͑b͒. N 2 O conversion decreases toward an asymptotic value with increasing CO concentration.
Although the effects of CO on NO conversion and on N 2 O conversion are qualitatively different ͑Figs. 10 and 11͒, the N 2 O conversion trends in Fig. 11 can be explained by the same reaction mechanism as that used to explain the NO conversion trend ͑Table IV͒; that is, both decreases slowly with increasing CO concentration, as shown in Fig. 11 . However, unlike NO conversion, the radicals resulting from atomic C, such as CN, C 2 O, and NCO, do not convert N 2 O. As a result, the reaction rate of atomic C with CO ͑67͒ increases with increasing CO concentration and fewer C radicals are available to dissociate N 2 O, leading to the continued decrease of N 2 O conversion with further increases in CO concentration.
IV. SUMMARY
CO concentrations of 200-600 ppm inhibit NO conversion in nonthermal Ar plasma. N 2 O is not detectable. CO concentrations of 1.01% have no effect on NO conversion, but N 2 O is detected. N 2 O conversion in Ar plasma decreases with increasing CO concentration. Selectivity analysis of the Ar excited states likely to contribute to NO x conversion without and with CO suggests that Ar͑ 3 P 2 ͒ rather than Ar + is the only active species that contributes significantly to NO x conversion and CO dissociation. Other excited states of Ar are predominantly quenched by Ar and CO, or radiatively decay to ground states. A kinetic model including 43 reactions is required to model NO or N 2 O conversion in Ar without CO, whereas 81 reactions are required to model NO or N 2 O conversion in Ar with CO. At constant gas pressure, a single set of model parameters can predict both NO conversion and N 2 O conversion without and with CO. The analysis explains all experimental observations on the effect of CO on NO and N 2 O conversions in nonthermal Ar plasma. Reaction mechanisms including Ar + cannot provide a reasonable explanation for these experimental data. 11 The experimental results can be explained by invoking the reaction mechanism including the excited states of Ar, which supports the conclusion that cations have a negligible contribution to the nonthermal plasma reaction.
